Septic tanks are widely deployed for off-grid sewage management but are typified by poor treatment performance, discharge of polluting effluents and the requirement for frequent de-sludging. The Solar Septic Tank (SST) is a novel septic tank design that uses passive heat from the sun to raise in-tank temperatures and improves solids degradation, resulting in a cleaner effluent. Treatment has been shown to exceed conventional systems, however, the underlying biology driving treatment in the system is poorly understood. We used next generation sequencing (Illumina Miseq (San Diego, CA, USA), V4 region 16S DNA) to monitor the microbiology in the sludge and effluent of two mature systems, a conventional septic tank and an SST, during four months of routine operation in Bangkok, Thailand, and evaluated the ecology against a suite of operating and performance data collected during the same time period. Significant differences were observed between the microbiome of the sludge and effluent in each system and the dominant taxa in each appeared persistent over time. Furthermore, variation in the microbial community composition in the system effluents correlated with effluent water quality and treatment performance parameters, including the removal of chemical and biochemical oxygen demand and the concentration of fecal and total coliforms in the effluent. Thus, we propose that a wide-scale survey of the biology underlying decentralised biotechnologies for sewage treatment such as the SST could be conducted by sampling system effluent rather than sampling sludge. This is advantageous as accessing sludge during sampling is both hazardous and potentially disruptive to the anaerobic methanogenic consortia underlying treatment in the systems.
Introduction
Across the global north and south alike, septic tanks are amongst the most widely used household-scale sewage management systems employed in the absence of centralised sewerage networks [1] . The septic tank design targets low-cost treatment of sewage primarily by separation of the solid and liquid fractions of the waste and passive anaerobic digestion (AD) of retained solids [2] . Post Post separation, the liquid fraction may be discharged to the environment, typically after a retention of only 1-2 days when serving combined grey and blackwater sources. Retained solids, by design, accumulate over time. In so doing, accumulated solids gradually serve to reduce effective tank volume, liquid retention time and indeed, treatment efficiency until, at some ill-defined fill-level, the tank is deemed 'full' and requires costly de-sludging [3] . As such, septic tanks are associated with highly variable performance, polluting and often pathogenic effluents and ongoing and unpredictable maintenance costs [1, [4] [5] [6] . Indeed, whilst serving an estimated one in four households in the US [7] and Europe [1] and the majority of urban households in South East Asia [8] , failure rates in septic tank systems are estimated to be in the range of 20%-80% [3, 7] .
The Solar Septic Tank (SST) is an emerging technology that aims to engineer the biology in septic systems to enhance the degradation of solids and increase the quality of effluent [6] . The SST has a central chamber that is heated via a low-cost coil to 50-60 °C using passive solar heat collection ( Figure 1 ). Prior to discharge, liquid effluent passes through the central chamber, promoting partial pasteurization and resulting in a 3-5 log-fold reduction in the number of E. coli present in the effluent [6] . Further, heat from the central chamber is passively transferred to the rest of the tank to increase tank temperature, promoting enhanced microbial degradation of both soluble compounds and retained solids. Pilot operation of SST systems in the field supports the intuition that temperature increase within the mesophilic range increases the rate of biodegradation [6] . However, as with any anaerobic treatment technology, there are a range of additional anthropogenic and environmental factors that will affect the biology and consequently, degradation rates in anaerobic digesters. These include: wastewater composition [9] [10] [11] , hydraulic and organic loading rates [12] [13] [14] [15] [16] , nitrogen and phosphorous availability [17, 18] , and trace element availability [19] [20] [21] . It is increasingly understood that if we are to engineer the biology in AD systems, we must improve our understanding of the biology in relation to process performance and tease out the identity of organisms that indicate both optimal and failing performance [22] . Yet, observation of the biology in septic systems remains rare relative to the wealth of the literature on industrial-scale AD. We argue that the adoption of a microbial management rationale with respect to the operation of the small-scale, yet tremendously Pilot operation of SST systems in the field supports the intuition that temperature increase within the mesophilic range increases the rate of biodegradation [6] . However, as with any anaerobic treatment technology, there are a range of additional anthropogenic and environmental factors that will affect the biology and consequently, degradation rates in anaerobic digesters. These include: wastewater composition [9] [10] [11] , hydraulic and organic loading rates [12] [13] [14] [15] [16] , nitrogen and phosphorous availability [17, 18] , and trace element availability [19] [20] [21] . It is increasingly understood that if we are to engineer the biology in AD systems, we must improve our understanding of the biology in relation to process performance and tease out the identity of organisms that indicate both optimal and failing performance [22] . Yet, observation of the biology in septic systems remains rare relative to the wealth of the literature on industrial-scale AD. We argue that the adoption of a microbial management rationale with respect to the operation of the small-scale, yet tremendously widely used, AD processes in septic tank systems is not just desirable but is essential if we are to effectively manage operation and avoid failures. For example, characterizing the variability in the microbiology underlying the AD processing that occurs in septic tanks could allow us to anticipate when the technologies will operate within acceptable bounds. However, determining reliable microbial performance indices will require an extensive study of many functioning septic tanks. Profiling the biology with molecular methods and correlating it with the operating conditions and the performance of a large number of spatially distributed systems is expensive and time consuming. Thus, prior to embarking on a major study, it is prudent to explore the microbial communities associated with a conventional septic tank (CT) and with the better-performing SST. Here, we employed environmental monitoring, next generation amplicon sequencing (V4 region 16S DNA, Illumina Miseq) and multivariate statistics to:
•
Qualitatively assess microbial community composition and persistence in the sludge and effluent from each of the CT and SST, operated under near-identical conditions, over a four-month time period; • Associate microbial community composition in the CT and SST with system operation and performance; • Assess the sampling locations in each system that most usefully explain performance variability. This will help guide the sampling strategy for an extensive study.
Materials and Methods

SST and CT System Design
Two septic tank systems were monitored; an SST ( Figure 1 ) and a CT (Supplementary Materials Figure S1 ) installed and operated at a field test site in Khlong Luang, Thailand, for the treatment of domestic sewage. Each system is used as the primary sanitation facility for a household of 6 people and both were operated continuously, without emptying or desludging, for 2 years prior to commencement of the sampling campaign reported here. Both tanks have a 1000 L total working volume and discharge by overflowing, after receiving inflow from flushing of the toilet and are used to treat black water only. Each tank is buried with the upper surface (lid) at ground level, and so exposed to atmospheric temperatures; the bottom of the tank sits 1.5 m beneath ground level. The primary difference between the two test systems is that the SST includes a central chamber containing a heated copper coil ( Figure 1a ) connected to a passive solar heat collection system installed on the roof of the toilet block served by the SST (Figure 1b ,c). Effluent from the SST passes through this heated central chamber with the intention that exposure to heat effects a reduction in pathogens prior to discharge by partial pasteurization. The systems were monitored during operation for a four-month period (July-November 2017).
Sampling
Influent, effluent and sludge samples were drawn biweekly for four months to enable a time series comprising physical and chemical monitoring data describing operation and performance of each system. Influent samples were taken by disconnecting the inflow to the septic tanks via a sampling valve for a period of 24 h in which wastes generated were collected in sealed bucket. The bucket contents were homogenised and three 1 L samples collected in storage bottles for downstream processing. As sampling of influent meant limiting flow to the septic tanks for 24 h, sludge and effluent samples were taken prior to influent samples to ensure the sludge and effluent samples were representative of the system under normal operating conditions. Effluent samples were taken by flushing the toilet once to clear the outflow pipe of residual material before collecting effluent in a 10 L bucket from the outflow pipe during a second flush. The effluent was mixed and three 1 L samples collected in 1 L glass bottles for downstream processing. To sample sludge, the lid at the top of the tank was opened and a submersible pump inserted and used to homogenise tank contents by mixing.
Once mixed, tubing (2 cm internal diameter) was inserted to the tank and connected to an external vacuum pump (Sacco, Model SC-1A) to draw a 2 L sample into a plastic beaker. The beaker contents were mixed by stirring and four 50 mL sub-samples were taken in centrifuge tubes of which three were used for biological characterisation and one for physical and chemical monitoring. All samples were stored on ice for approximately two hours during transport to the laboratory. To enable time series describing system ecology, on return to the laboratory, three 30 mL sub-samples of effluent were taken and together with sludge samples, were stored at −20 • C until processed for DNA extraction. Influent samples were not processed for molecular characterisation in this study as obtaining biologically representative influent samples was not possible using our sampling method without significant disturbance to system operation. The remaining sample volumes which were used for physical and chemical monitoring were stored at 4 • C to be processed during the following two days. Given a lack of published precedent on heterogeneity of microbial communities in the sludge and effluent of septic systems, additional samples of sludge and effluent from the SST were taken to enable determination of variability in the microbial community associated with our sampling methods and to investigate the influence of DNA extraction method used on the microbial communities observed (Supplementary Materials 2).
Environmental Operation and Performance Monitoring
Ambient temperature at the test-site was recorded hourly using temperature sensors (PT-100 type HDP/7, SWK Technology, Chainat, Thailand) installed above ground. The in-tank temperature of the SST was recorded hourly using a temperature sensor positioned in the centre of the tank (PT-100 type HDP/7). Flow rate through each system was measured using an analogue flow meter (GMK, Asahi, Samut Prakan, Thailand). All other measurements were made bi-weekly on samples of influent and effluent from each system type to coincide with sampling of the sludge and effluent microbial communities and were measured according to the "Standard Methods for the Examination of Water and Wastewater" (APHA, AWWA and WEF, 2012). Chemical oxygen demand (COD), soluble COD (sCOD), total solids (TS), total suspended solids (TSS), total volatile solids (TVS) and biochemical oxygen demand (BOD) were measured to indicate carbon and solids loading in the system. Nutrient profiles were determined by measurement of Total Kjeldhal Nitrogen (TKN) measured using the Kjeldhal method, ammonia (NH3) concentration was determined by distillation and total phosphate (TP) concentration was measured using digestion and a stannous chloride indicator. E coli and total coliforms were measured using multiple tube fermentation procedures.
DNA Extraction
Frozen samples were thawed on ice. Three sub-samples of sludge and effluent at each time point were processed to generate technical triplicates with the exception of effluent samples at time points T1-3 which were processed in duplicate due to low sample volumes drawn at those times points. The 50 mL sludge samples were centrifuged at 5000 rpm for 10 min and the supernatant discarded. The remaining material was mixed and 2 g sub-samples aliquoted to 50 mL tubes. The aliquots were manually homogenised by grinding using a sterile glass rod for approximately 1 min. Effluent samples (30 mL) were centrifuged at 5000 rpm for 10 min, the supernatant was discarded, and the pellets used for DNA extraction.
DNA extraction was by a modified phenol:chloroform extraction method [23] as outlined in Keating et al. [24] . In brief, 0.25 g of the homogenised sludge or whole effluent pellet was transferred to a sterile Lysing Matrix E tube (MP Biomedical) prior to adding 250 µL of 5% cetyl trimethylammonium bromide (CTAB) extraction buffer and 250 µL of phenol-chloroform-isoamyl alcohol (25:24:1; pH 8) and processed without the use of phase-lock tubes. The integrity of the genomic DNA extracted from each sample was assessed using agarose gel electrophoresis and the DNA concentration was quantified using a Qubit v2.0 fluorometer (Life Technologies, Darmstadt, Germany). Negative controls were produced using 20 µL of nuclease-free water (Qiagen, Venlo, The Netherlands) per extraction and all other steps followed as per the extraction protocol.
Amplicon Library Preparation
Amplicon libraries were prepared for each sample (including the negative controls) using Golay barcoded primers targeting the V4 region of 16S DNA [25] but with an additional degeneracy on the forward primer for improved detection of Archaea as described previously [26] . E. coli DNA was used as a PCR positive control. Samples were assigned a unique barcode pair and amplification conducted in triplicate for each sample using the polymerase chain reaction (PCR) as follows: initial denaturation at 95 • C for five minutes; followed by 25 cycles of denaturation at 95 • C for 20 s, annealing at 62 • C for 15 s and extension at 72 • C for 40 s; and final elongation at 72 • C for one minute. The amplified samples were size-fragmented by gel electrophoresis (120V, 60 min) and size-selected using a Zymoclean™ Gel DNA Recovery kit (Zymo Research, Irvine, CA, USA). An equimolar 16S V4 library (2.8 ng/µL) was sequenced at the Earlham Institute (Norwich, UK) using a MiSeq DNA sequencer and V3 reagent kit (Illumina Inc., Hayward, CA, USA).
Bioinformatics and Statistical Analysis
Low-quality ends were removed from raw reads using Sickle (https://github.com/najoshi/sickle) with a phred quality threshold of 20. Paired-ends were merged using PANDAseq [27] with a 10 bp minimum overlap and unmerged singletons were removed. Sequences with ≥97% similarity were clustered and chimeras removed using VSEARCH [28] . Sequences were mapped to reference Operational Taxonomic Units (OTUs) using USEARCH [29] . OTUs were assigned taxonomies using Tax4Fun [30] and the SILVA 123 database. Rarefaction curves were used to estimate the degree of saturation achieved by sequencing with respect to species (OTU) richness. All statistical analyses used relative abundances calculated for each OTU or taxa in a given sample and included relatively abundant OTUs and taxa only (relative abundance >1%). Analyses were carried out with samples grouped as one of four sample types (SST Effluent, SST Sludge, CT Effluent and CT sludge). Community dissimilarity was estimated within and between sample types at OTU level using PCoA (Bray-Curtis dissimilarity) and significance was assayed using permANOVA (10,000 permutations). Significant differences in phylum and OTU relative abundances between sample types were tested for using ANOVA. Correlations between phyla relative abundances and environmental data were tested for using Pearson's product moment correlation coefficient. P-values <0.05 and correlation coefficients (r) < −0.7 and > 0.7 were considered significant for all statistical tests. Where ANOVAs were performed, the samples between which significant differences exist were established using Tukey's HSD post-hoc tests. Data processing was performed in python (Python Software Foundation, v. 2.7.15) and statistical analyses in R (R Core Team, 2012, v. 3.4.3). Raw sequence data are publicly accessible at https://www.ncbi.nlm.nih.gov/sra/PRJNA544293.
Results
Operation and Performance
The mean operating temperature (Table 1 ) of the SST (42.7 +/− 4.9 • C) was significantly higher (p <0.001) than that of the CT (37.2 +/− 4.5 • C in the CT) which is consistent with the inclusion of the solar heating system in the SST, although suggests that the core temperature in the SST was below target (50-60 • C). This may relate to diurnal temperature fluctuations in the SST arising from natural diurnal changes in solar radiation, which we propose should be investigated in future studies of this system. Volumetric, organic and solids loading rates (Table 1) were significantly higher (p < 0.001) in the SST than the CT. Difference in volumetric loading arose from more frequent use of the toilet served by the SST. Difference in COD (Table 1) into each system is less readily understood, especially as BOD (Table 1) into each system was not significantly different but suggests that chemicals were Water 2019, 11, 2660 6 of 14 used in cleaning the toilet served by the SST during the sampling period. The nutrient profile of the influent (Table 1) of each system was relatively similar except for input of nitrogen as ammonia which was significantly lower (p < 0.01) in the SST than in the CT. With respect to system performance ( Table 2) , both systems exhibited relative stability (low standard deviation relative to the mean) in treatment efficiency (TS, TVS, TSS, BOD, tCOD, sCOD removal (%) and effluent water quality (TS, TVS, TSS, BOD, TCOD, sCOD (mg/L) whilst nutrient removal (TP, TKN, NH3-N (%) was more variable in each case. The SST, however, was observed to exhibit a significantly better performance (treatment efficiency and effluent water quality) than the CT with respect to TS, TVS, TSS, BOD, tCOD and sCOD (Table 2) in spite of reduced hydraulic retention time arising from increased volumetric load. Thus, the better performance of the SST strengthens the case for improving understanding of the underlying biology with a view to enacting microbial management to reliably improve treatment in septic tanks. 
Microbial Community Composition and Sampling Variability
12,525,626 paired-end reads were returned, totaling 3.1 × 10 9 bases and with a mean sample read count of 62,628 ± 16,405. The minimum read count was 5604. The mean phred quality score was 34.50 ± 0.65, and 86.7% of bases had a phred score of 30 or greater. Merging of paired-end reads generated 5,768,993 sequences for analysis after singletons were removed. Using 97% similarity to group and assign sequences to an OTU, we identified 5327 separate OTUs. Reads 273 ± 212 were observed in the negative control (0.4% of the mean read count). As such, no adjustment was made to sample sequences with respect the negative control. OTUs were assigned to 64 known phyla; 5.3% of OTUs were unassigned at phylum level. Rarefaction curves indicate that saturation with respect to species (OTU) richness was approached but not reached for each sample in the time series ( Supplementary Materials 3) , thus, only relatively abundant OTUs and taxa (relative abundance >1%) were included in the analysis. The sampling variability study revealed that the DNA extraction method influenced the observed microbial community composition in effluent but that differences were consistent within samples (Supplementary Materials 2 Figures S5 and S6 ). Community compositions revealed in effluent samples were found to be less variable within sample batches than sludge samples (Supplementary Materials 2 Figures S6a and S7) . Thus, should sample number be a limiting factor in a wider sampling campaign due to cost for example, effluent samples may be a better choice of sample material than sludge.
Microbial Community Composition within and between Samples
Across the sample set, 25 phyla and 115 OTUs were determined to be relatively highly abundant (relative abundance >1% in each sample). At phylum level, both systems appeared to support microbial communities that were stable and in which the most relatively abundant phyla persisted in time in both sludge and effluent samples (Figure 2a ). Amongst bacterial populations, the phylum Synergistetes was similarly relatively dominant in both the sludge and effluent of each (CT sludge: 22.0 ± 7.5%; SST sludge: 25.7 ± 6.2%; CT effluent: 25.8 ± 15.3%; SST effluent: 19.2 ± 11.0%) whilst the phylum Firmicutes was relatively more dominant in the effluent (CT sludge: 18.4 ± 6.3%; SST sludge: 14.2 ± 4.8%; CT effluent: 29.0 ± 6.4%; SST effluent: 33.6 ± 8.4%) of each system (Figure 2a ). The phylum Euryarchaeota, which comprises all classes of methanogenic Archaea, was relatively highly abundant in both the sludge and effluent of each system (CT sludge: 11.8 ± 3.6%; SST sludge: 14.8 ± 4.3%; CT effluent: 9.8 ± 5.2%, SST effluent: 9.1 ± 4.7%, Figure 2a ). Thus, each system appeared to be underpinned by microbial communities that had the potential to support complete degradation of organics by methanogenic anaerobic digestion.
Inspection of the dominant community at OTU level revealed that the stability and persistence of dominant phyla appeared to be underpinned by the stability and persistence of the most relatively abundant OTUs present in each sample type and in each system ( Figure 2 ). However, differences in microbial community composition and structure between system type and sample type was more distinct at the OTU level than at the phylum level ( Figure 2 ). In effluent samples, dominance of the phylum Synergistetes was underpinned by a single OTU (OTU 2, Figure 2b ), which was significantly more abundant (p < 0.001) in effluent than sludge samples of each system type ( Supplementary  Materials 4) . By contrast, the relative abundance of organisms of the phylum Synergistetes in sludge samples was associated with a broader diversity of OTUs. Of the phylum Synergistetes in CT sludge, OTUs 9, 18 and 425 were significantly more abundant than in the effluent (p < 0.001, Supplementary Materials 4) and in SST, sludge OTUs 9 and 14 were significantly more abundant that in effluent (p < 0.001, Supplementary Materials 4). OTUs 12, 17, 24 and 48 of the phylum Firmicutes were relatively highly abundant in each system type but were significantly more abundant in effluent samples than in sludge samples from each system (p < 0.005 in each in case except OTU 24 in CT which showed no significant difference, Supplementary Materials 4) . Of the phylum Euryarchaeota, OTU 6 of the class Methanobacteria, comprising hydrogenotrophic and formate utilising methanogens [31] , was relatively highly abundant in both the sludge and effluent of each system. In sludge samples OTU 15 of the class Methanobacteria was relatively highly abundant in both system types, whist OTU 11 of the class Methanomicrobia and genus Methanosaeta, comprising acetate utilising methanogens including those with optimal growth rates above 35 • C [31] , was significantly more abundant in the SST sludge than in CT sludge (p < 0.001, Supplementary Materials 4) . Thus, the improved treatment performance observed in the temperature-controlled SST may be associated with a more metabolically balanced methanogenic consortia. Community dissimilarity between samples of each type is confirmed at OTU level amongst the 100 most relatively abundant OTUs using Bray-Curtis as a metric (Figure 3 ) and the dissimilarity is determined as significant (permANOVA, f = 67.33, p < 0.001). Inspection of the dominant community at OTU level revealed that the stability and persistence of dominant phyla appeared to be underpinned by the stability and persistence of the most relatively abundant OTUs present in each sample type and in each system (Figure 2 ). However, differences in microbial community composition and structure between system type and sample type was more distinct at the OTU level than at the phylum level ( Figure 2) . In effluent samples, dominance of the phylum Synergistetes was underpinned by a single OTU (OTU 2, Figure 2b) , which was significantly more abundant (p < 0.001) in effluent than sludge samples of each system type ( Supplementary  Materials 4) . By contrast, the relative abundance of organisms of the phylum Synergistetes in sludge samples was associated with a broader diversity of OTUs. Of the phylum Synergistetes in CT sludge, OTUs 9, 18 and 425 were significantly more abundant than in the effluent (p < 0.001, Supplementary Materials 4) and in SST, sludge OTUs 9 and 14 were significantly more abundant that in effluent (p < 0.001, Supplementary Materials 4) . OTUs 12, 17, 24 and 48 of the phylum Firmicutes were relatively highly abundant in each system type but were significantly more abundant in effluent samples than in sludge samples from each system (p < 0.005 in each in case except OTU 24 in CT which showed no those with optimal growth rates above 35 °C [31] , was significantly more abundant in the SST sludge than in CT sludge (p < 0.001, Supplementary Materials 4) . Thus, the improved treatment performance observed in the temperature-controlled SST may be associated with a more metabolically balanced methanogenic consortia. Community dissimilarity between samples of each type is confirmed at OTU level amongst the 100 most relatively abundant OTUs using Bray-Curtis as a metric (Figure 3 ) and the dissimilarity is determined as significant (permANOVA, f = 67.33, p < 0.001). 
Correlating System Operation and Microbial Composition in Sludge and Effluent Samples
In each system, a greater number of phyla in sludge samples were observed to correlate with system operation than in effluent samples (Supplementary Materials 5). In the effluent of each system, a positive correlation was observed between loading rates (volumetric, organic and solids) and the relative abundance of Firmicutes and Euryarchaeota in system effluent; however, no consistent relationship was observed between those phyla in the sludge of each system and loading rates (Supplementary Materials 5). In sludge samples from each system, strong positive correlations were observed between system temperature and the relative abundance of the phyla Firmicutes and Bacteroidetes (Supplementary Materials 5); organisms in these phyla are associated with hydrolysis in full-scale anaerobic digestion [32, 33] . Thus, assuming that the microbial community in the retained sludge is predominantly responsible for driving treatment in each system, the capacity to increase temperature in the SST could enable improved breakdown of solids, as was observed in this study, by temperature-associated selection of those phyla. 
In each system, a greater number of phyla in sludge samples were observed to correlate with system operation than in effluent samples (Supplementary Materials 5). In the effluent of each system, a positive correlation was observed between loading rates (volumetric, organic and solids) and the relative abundance of Firmicutes and Euryarchaeota in system effluent; however, no consistent relationship was observed between those phyla in the sludge of each system and loading rates (Supplementary Materials 5). In sludge samples from each system, strong positive correlations were observed between system temperature and the relative abundance of the phyla Firmicutes and Bacteroidetes (Supplementary Materials 5); organisms in these phyla are associated with hydrolysis in full-scale anaerobic digestion [32, 33] . Thus, assuming that the microbial community in the retained sludge is predominantly responsible for driving treatment in each system, the capacity to increase temperature in the SST could enable improved breakdown of solids, as was observed in this study, by temperature-associated selection of those phyla.
Microbial Taxa in Effluent Indexing Treatment Efficiency and Effluent Water Quality
Whilst a greater number of correlations were determined between operating condition and phyla in sludge samples, a number of strong correlations were identified between performance indicators and phyla in effluent samples (Figure 4) . The relative abundance of five dominant phyla in the effluent (Synergistetes, Proteobacteria, Firmicutes, Bacteroidetes and Euryarchaeota) was observed to correlate with treatment efficiency of both systems (Figure 4a,b ). An additional two phyla, Chlorobi and Chloroflexi, uniquely correlated with treatment efficiency in the SST (Figure 4b ). Common to both systems, the change in abundance of Proteobacteria correlated strongly and positively with E. coli and total coliform removal efficiency and the phylum Firmicutes correlated strongly and negatively with sCOD removal efficiency. With respect treatment efficiency in the SST only, Chlorobi correlated strongly and positively with E. coli removal efficiency and Firmicutes and Euryarchaeota correlated strongly and negatively with TS, TSS and TVS removal efficiencies. Interestingly, if we compare the correlation in the abundances of the Chlorobi and the Firmicutes with all of the variables that measure treatment efficiency in the SST, the trends are diametrically opposed; that is, when one phlya is positively correlated with a variable the other is negatively correlated. We propose that there were sufficient data available to confirm such trends, that monitoring of (by example) Chlorobi and Firmicutes as paired 'indices' could be deployed as a proxy measure of treatment efficiency in the SST.
indicators and phyla in effluent samples (Figure 4 ). The relative abundance of five dominant phyla in the effluent (Synergistetes, Proteobacteria, Firmicutes, Bacteroidetes and Euryarchaeota) was observed to correlate with treatment efficiency of both systems (Figure 4a,b ). An additional two phyla, Chlorobi and Chloroflexi, uniquely correlated with treatment efficiency in the SST (Figure 4b ). Common to both systems, the change in abundance of Proteobacteria correlated strongly and positively with E. coli and total coliform removal efficiency and the phylum Firmicutes correlated strongly and negatively with sCOD removal efficiency. With respect treatment efficiency in the SST only, Chlorobi correlated strongly and positively with E. coli removal efficiency and Firmicutes and Euryarchaeota correlated strongly and negatively with TS, TSS and TVS removal efficiencies. Interestingly, if we compare the correlation in the abundances of the Chlorobi and the Firmicutes with all of the variables that measure treatment efficiency in the SST, the trends are diametrically opposed; that is, when one phlya is positively correlated with a variable the other is negatively correlated. We propose that there were sufficient data available to confirm such trends, that monitoring of (by example) Chlorobi and Firmicutes as paired 'indices' could be deployed as a proxy measure of treatment efficiency in the SST. With respect effluent water quality for each system type, the same sub-set of phyla correlated with water quality parameters as for treatment efficiency (Figure 4c,d) . In many instances, the correlation trend reversed as high removal efficiencies were associated with low concentrations of measured contaminants in the systems' effluent. For example, in the SST, strong positive correlation of Proteobacteria with E. coli removal (Figure 4b) is reciprocated with strong negative correlation with With respect effluent water quality for each system type, the same sub-set of phyla correlated with water quality parameters as for treatment efficiency (Figure 4c,d) . In many instances, the correlation trend reversed as high removal efficiencies were associated with low concentrations of measured contaminants in the systems' effluent. For example, in the SST, strong positive correlation of Proteobacteria with E. coli removal (Figure 4b) is reciprocated with strong negative correlation with E. coli counts in system effluent (Figure 4d) . Similarly, positive correlations between Chlorobi and TS, TSS and TVS removal in the SST (Figure 4b ) are reciprocated with negative correlation with respect to TS, TSS and TVS concentrations in system effluent (Figure 4d ). The switch from negative to positive correlation between a given taxa and treatment efficiency and the same taxa and water quality is not observed across the board, however, the data set presented is small, and performance was relatively stable during the period of monitoring. Tentatively then, the data suggest that a broader survey of a greater number of septic tanks over a longer time period could reveal indicator microbes associated with both treatment efficiency and effluent water quality and that paired indices could be identified to add confidence if used as monitoring parameters.
Discussion
Microbiology in small-scale AD: Culture independent methods that enable interrogation of the underlying biology in large-scale AD technologies are widely recognised for their potential to deliver better process management [34, 35] , yet these methods have rarely been applied to septic tanks. However, we propose that the lack of effort given to understanding septic tank microbiology is remiss given that these systems are used to treat as much as 25% of domestic black water generated in the global north [1, 7] , and significantly more in urban South East Asia [8] . The appetite amongst researchers to systematically study septic tank microbiology is, perhaps, dulled by two factors: the prospect of having to sample many tanks to draw conclusions; and the knowledge that no control is exercised in septic tank operation. Extensive sampling using molecular methods comes at a cost; whilst the cost of sequencing continues to decline [36] , the costs associated with the labour of sample preparation and data processing persist [36, 37] . The lack of control means that inputs of carbon, nutrients and even chemical contaminants to septic systems can be highly variable and thus, it could be speculated that the microbiology will too, be highly variable. Our study revealed that the biology underlying the systems we observed was robust and that key phyla and species (OTUs) persisted over time. That key organisms identified were persistent even in light of minimal process control in the systems studied is, we believe, a promising finding with respect to identification of organisms indexing performance and the expense of an extensive study is warranted.
Microbial management of septic systems: It would require an extensive study of septic tanks to develop the robust relationships between operating conditions, the underlying biology and system performance that could inform microbial management strategies. Yet, even within the small dataset presented here, enticing differences were observed between the biology underpinning the CT and SST systems. Notably, in contrast to the CT, in the temperature-controlled SST the sludge both hydrogenotrophic and acetotrophic methanogens appeared relatively highly abundant, suggesting that improved performance might be associated with a functionally more balanced methanogenic consortia. In addition, correlation between temperature and the relative abundance of putatively hydrolytic organisms of the phyla Firmicutes and Bacteroidetes suggests that temperature control in septic systems could be manipulated to select beneficial microbial communities to increase the treatment efficiency of solids and hence, reduce the frequency of tank emptying. More broadly, amongst relatively abundant phyla revealed by sequencing samples from both systems, Bacteroidetes, Synergistetes, Chloroflexi and Proteobacteria, have been identified as part of a 'core microbiome' in large-scale anaerobic digesters [38] , suggesting that whilst scale is greatly reduced here, key players in AD processes may be common across scales. Thus, our study demonstrates value in improving understanding of the function of septic systems as a means of implementing microbial management on a small scale and in the application of molecular methods as a means of doing so. We recognise that the molecular methods applied here are not without limitation. Using the V4 region of the 16S rRNA gene to characterise ecology we limit our capacity to 'see' organisms lacking the target sequence, we cannot distinguish active organisms from those whose DNA persists whilst activity may not, and, quantification is relative rather than absolute. In spite of this, our results are promising and bode well for targeted application of a broader range of methods including omics approaches and quantitative PCR to reveal relationships between system function, performance and management.
Implications for the field: The contribution of spread of contaminants to the environment arising from widespread use of poorly managed septic systems is likely underestimated and as such, development of improved management and monitoring schemes is imperative [1] . This, in-turn, makes well-funded scientific studies of small-scale AD essential. The results obtained here cement the case for a broader survey of both SSTs in the field and for application of molecular methods to the study of septic tanks. For both the SST and CT studied, sludge sampling was an invasive process that required accessing and removing the lids of the tanks and performing in-tank mixing using a pump system before drawing sludge samples. This is likely to cause significant disturbance to the microbial community in the sludge bed and almost certainly resulted in intrusion of air into what appears to be an anaerobic system. Thus, determining that microbial indices of treatment efficiency and discharge water quality were identifiable in the effluent of the system suggests that larger-scale studies might focus sampling efforts on the more readily accessible microbial communities that comprise the discharge from septic tanks. This is a significant finding for others aiming to undertake similar studies which we believe are vital if we are to protecting soil and aquatic ecosystems from anthropogenic pollution from septic systems. 
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